This work investigated the influence of carbohydrates, proteins and lipids on the anaerobic digestion of food waste (FW) and the relationship between the parameters characterising digestion. Increasing the concentrations of proteins and lipids, and decreasing carbohydrate content in FW, led to high buffering capacity, reduction of proteins (52.7-65.0%) and lipids (57.4-88.2%), and methane production (385-627 mLCH4/g volatile solid), while achieving a short retention time. There were no significant correlations between the reduction of organics, hydrolysis rate constant 
Introduction
Food waste (FW) is highly biodegradable, and could act as an excellent substrate for anaerobic digestion (AD) (Jin et al., 2015) . Using AD for treating FW has attracted much attention due to its benefit, including energy recovery and waste stabilization (Browne and Murphy, 2013 ; Kafle and Kim, 2013) . The organic composition of FW, however, varies significantly according to regions, seasons, collection schemes, and processing characteristics (Galanakis, 2015) , thus leading to This paper aims to evaluate how and to what extent varying organic compositions affect the anaerobic degradability of FW and identify interactions between the three organic compositions and digestion performance parameters, focusing on methane production, the hydrolysis rate constant, reduction efficiency of organics and operation parameters in AD by investigating the effects of 12 different organic compositions. To predict and optimize the operating parameters of AD systems, modified second-order polynomial models were developed to identify key process parameters for FW digestion. 
Materials and Methods

Batch digestion experiment
Batch AD tests
The biochemical methane potential (BMP) assay has been proven to be a relatively simple and reliable method for obtaining the rate and extent of converting organic matter to methane. Batch tests were conducted in 15 parallel 500 mL glass bottles at 37 °C with an automatic methane potential test system II, supplied by Bioprocess Control (Lund, Sweden). It features automatic sample stirring, an acid gas (such as CO2 or H2S) removal system and a biomethane yield recording system. The system conducts fast and accurate on-line measurements of ultra-low biogas and biomethane flow to determine biogas potential. All the reactors were started at the same time, and agitation was synchronous, following the same speed and intervals. The evaluation of 6 biodegradability and decomposition rate of organic material was, therefore, more accurate than other batch assays.
Inoculum
Seed sludge was obtained as an inoculum from a steady-operation digester (37 °C) in a FW treatment plant. After a two-day gravity sedimentation period, large particles or grit were removed from the inoculum using a 2 mm sieve, and the total solid (TS) and VS contents were 12.38% and 8.26%, respectively, while pH was 7.79 before it was mixed with the FW.
AD experimental setup
The total sample amount in each reactor was 400 g, and the feed to inoculum ratio was 0.5 on a VS basis. The upper area of each reactor was flushed with nitrogen for at least 1 min to ensure anaerobic conditions and the reactor was quickly sealed afterwards. All the reactors were put into a water bath so the digestion system could be maintained at a mesophilic temperature (37 °C) for AD. For each test, three samples were created and two digesters, containing only inoculum were incubated to correct for biogas yield from inoculum. 
Pearson correlation analysis
Pearson correlation analysis (p < 0.05) was also conducted to discuss significant relationships between the above parameters, using IBM SPSS Statistics 20.
Principal component analysis
Principal component analysis was conducted on data that were formed by 3 types × 10 variables (TS, VS, carbohydrate, protein, lipid, C, H, N, C/N and BMP).
Leave-one-out cross validation was used, and the analysis was performed using IBM SPSS Statistics 20.
Second-order polynomial model analysis
Response surface methodology was used to optimize the studied parameters. The functional relationships between responses (M) and the set of factors (X and Y) were described by estimating the coefficients of the following second-order polynomial model, based on experimental data.
where M0 is a constant, a and b are linear coefficients, c and d are quadratic coefficients, and f is the interaction coefficient. 
Results and Discussion
Methane production and hydrolysis constant
Characterization of the feedstock
Of the physical and chemical characteristics of the 12 types of FW used in this study, there were smaller variations of H and N content, while lipid and carbohydrate 9 contents exhibited larger variation (Fig. 1) . The VS/TS ratios ranged from 95% to 97%, and organic components varied widely. Carbohydrates varied from 3.1% to 12.0%, in comparison to 3.4 -7.9% and 1.0 -10.2% for proteins and lipids, respectively (wet basis). The BMP of feedstock ranged from 435 to 687 mL/g VS (Table 2) , which was statistically correlated with the lipid (p < 0.01) and carbohydrate (p < 0.05) contents, while it had no significant differences from protein concentration (Table 3 ) 
Methane yield
Different sample compositions with varying biodegradation rates had varying methane production rates and yields. (2) Specific methane yield rate There were remarkable differences between the peak patterns of the specific methane production rate curves for 12 samples (Fig. 2b ).
In the sample with a carbohydrate-protein-lipid ratio of 12.2: 3.4: 1, carbohydrate accounted for 73%, indicating relatively intense methane production. Peak values were achieved within the first 11 h (Table 4) , and up to 98% of the total methane yield was produced within the duration of the first peak (during the first 22 h).
Two main peaks were obtained from the other 11 samples. The first peaks indicated shorter durations, but higher peak values than the second peaks ( Table 4 ). The first peaks appeared during the first 11-22 h, while the second peaks appeared between 177 -395 h. The values of first peaks ranged from 12.7 to 63.7 mL CH4/ (g VS h),
and the values of the second peaks ranged from 3.4 to 8.7 mL CH4/ (g VS h), which is 42.8-90.7% lower than the first. For all samples, methane production commenced immediately after AD process commenced and methane was mainly produced during the second stage, which accounted for 55-74% of the total methane yield.
The occurrence of these peaks was due to the degradation of easily-degradable organics and macromolecular insoluble materials (such as proteins and lipids). The reason for different peak patterns could be due to different organic compositions, particularly carbohydrate-protein-lipid ratios, which play different roles in the bioconversion rates of organics and biomethane production. FW was characterised by a high degree of easily-degradable material, and the first intense peak could be from the soluble organic matter with small molecules, which could be easily and rapidly The main causes of the differences between kh and F0 G values can be explained as follows: 1) the specific types of anaerobic biodegradation enzyme are responsible degrading specific types of organics, for example, a particular protease contributes to the decomposition of the corresponding protein to amino acids during AD of FW.
Variations of organics (carbohydrate, protein, and lipid) resulted in differences in 13 degradation characteristics; 2) the degradation efficiency of the same types of organics was affected by the surface area to volume ratio of particles during the digestion process, hence, the degradation rate of the same types of compounds, such as proteins, can differ. Additionally, during the AD process, mutual influences from the three organics could contribute to these differences. For example, glucose, which is the main hydrolysate of carbohydrate, could inhibit protease formation, which is responsible for decomposing proteins (Breure et al., 1986) . 
Organics degradation after AD
Organics reduction
For TS, 53.5-60.8% of it could be removed, while a reduction range of 66.6-70.1%
was achieved for VS (Fig. 4) . The reduction efficiency of protein varied from 52.7%
to 65.0%, in comparison with 57.4 -88.2% for lipids.
Protein degradation increased with decreasing carbohydrate levels (p < 0.01), while proteins (p < 0.01) and lipids (p < 0.05) increased. This means that protein degradation could be reduced with increasing concentrations of carbohydrates in the feedstock. It has been reported that glucose could cause the repression of protease formation during AD processes (Breure et al., 1986) , which is responsible for decomposing proteins to amino acids. Carbohydrate flux through the catabolic system of the bacteria is higher with high carbohydrate contents in the feedstock, which could be a regulating factor for the activity of the protein degradation system, e.g. by (catabolite-) repression of proteolytic enzyme synthesis (Atkinson, 1968) . Therefore, 
Correlation among AD parameters
Relationships among digestion performance parameters
The processing parameters of FW during AD varied widely between the different organic compositions. The correlation matrix reveals some significant relationships between digestion performance parameters.
Methane production was strongly, positively correlated with lipid reduction (p < The C/N ratios were negatively correlated with TAN (p < 0.05), protein reduction (p < 0.01) and the values of the second methane yield peak (p < 0.05), but no significant relationship with methane production was found. Low C/N could cause higher ammonia-nitrogen release and higher volatile fatty acid accumulation. In this study, the C/N ratio in FW ranged from 10 to 18, so it could be concluded that the C/N ratio of FW does not affect methane yield. Besides, a high C/N ratio indicates low protein content in the feedstock, which would not be conducive to the formation of protein-hydrolyzed TAN.
Results of second-order polynomial models
An implication of these variations is that the differing compositions of the initial samples for AD affected biodegradability and, therefore, methane production rates, methane yields and organics reduction. A second-order polynomial model was used to predict parameters that characterised the FW composting process in terms of the weight fractions of proteins and lipids; the coefficients are listed in Two other FW samples were tested in the same digestion system. As shown in Table 5 , the predicted results of the parameters with higher coefficients of determination, based on the models, were consistent with experimental results. 
Feasibility of practical project application
When applied to new substrates, such as FW with high moisture and fat content, According to the analysis of the relationship between different AD parameters, the methane yield, treatment durations and organics reduction were significantly affected by the carbohydrate-protein-lipid ratios. These findings suggest that an inappropriate mixing ratio range of these three compounds can inhibit methane production and organics degradation during the AD of FW. In this study, appropriate carbohydrate, protein and lipid percentages in FW could be within ranges of 9.2-11.0%, 3.6-4.6% and 2.9-5.3%, respectively (wet basis). To forecast how variations in composition affect the AD process during engineering design and process optimization, a possible strategy for predicting the AD characteristics of FW could be to analyse the initial compositions of FW, such as C, N and lipid content, and then adjust the carbohydrate-protein-lipid ratios, for example, increasing the lipid content if it is less than 5.5%, or decreasing it by mixing FW with organics of lower lipid content to achieve improved degradation efficiency.
Monitoring the performance indicators would also be required, especially sensitive parameters such as VFA concentrations, methane yields and pH, and adjust the relative operation parameters in a timely manner during the AD process. In addition, predicting parameters related to the operating parameters by a second-order polynomial model could aid in taking precautionary measures to prevent unsteady operational problems during digestion. Additionally, appropriate carbohydrate, protein and lipid percentages in FW was within ranges of 9.2-11.0%, 3.6-4.6% and 2.9-5.3%, respectively (wet basis).
Conclusions
Second-order polynomial models could be used for quick estimation of the digestion parameters.
E-supplementary data for this work can be found in e-version of this paper online (Table S1-S3). 
